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Lobate features abutting massifs and escarpments in the middle latitudes of Mars have been
recognized in images for decades, but their true nature has been controversial, with hypotheses of
origin such as ice-lubricated debris flows or glaciers covered by a layer of surface debris. These
models imply an ice content ranging from minor and interstitial to massive and relatively pure.
Soundings of these deposits in the eastern Hellas region by the Shallow Radar on the Mars
Reconnaissance Orbiter reveal radar properties entirely consistent with massive water ice,
supporting the debris-covered glacier hypothesis. The data imply that these glaciers formed in a
previous climate conducive to glaciation at middle latitudes. Such features may collectively
represent the most extensive nonpolar ice yet recognized on Mars.

In equatorial regions of Mars, steep slopes
(e.g., massifs and channel walls) typically
exhibit talus fans and cones at their bases.

In the martian mid-latitudes, however, many
massifs are instead accompanied by broad, lobate
aprons extending up to ~20 km away from their
bases (1). They are characterized by gently slop-
ing surfaces with convex-upward margins, rel-
atively steep outer edges, and both radial and
concentric ridge-and-furrow lineations (2); these
features all indicate flow of a viscous material.
Such “lobate debris aprons” (LDAs) occur in the
30° to 60° latitude belts in both hemispheres
(Fig. 1A), concentrated in the north along the
topographic dichotomy and in the south around
massifs on the rims of the Hellas and Argyre
basins (2). These latitudinal bands correlate with
the shallow-subsurface stability field for water ice
(i.e., ice could exist just below the surface but
would sublimate at the surface) (3, 4). Addition-
ally, the flow-like morphology of the lobes sug-
gests the presence of a viscosity-lowering agent
such as ice (2, 4).

Opinions differ, however, on the origin and
amount of such ice and its mode of emplacement.
Some propose that ancient ground ice was mo-
bilized during LDA formation (5); others suggest
that frost deposited from the atmosphere diffused
into pore spaces (2), lubricating the debris de-
posits derived from nearby steep slopes and form-
ing something akin to terrestrial rock glaciers (6).

Different approaches have been used to estimate
the amount of ice within LDAs. At a minimum,
ice volumes on the order of ~10 to 15% are
required to mobilize talus (2). However, surface
pitting and structures suggest that the ice content
is more than 50% for some LDAs (7). This es-
timate is also consistent with those based on de-
tailed topographic profiles (8, 9) and rheological
arguments (10). Some terrestrial analogs (11–13)
suggest that LDAs might be debris-covered gla-
ciers, essentially pure glacial ice below a protec-
tive layer of debris. Superposed rimless craters
with broad central peaks andmoat-shaped borders
indicate formation on an ice-rich substrate (14).
However, the presence of massive ice (or very
ice-rich mixtures) is impossible to confirm or
reject on the basis of optical imagery or surface
morphology alone.

We used the Shallow Radar (SHARAD) (15)
on the Mars Reconnaissance Orbiter (MRO) to
probe the internal structure of several LDAs sur-
rounding massifs on the eastern rim of the Hellas
impact basin (Fig. 1) where more than 90 LDA
complexes flank steep topography (2, 6, 16). The
southernmost LDAwe studied (LDA-2, Fig. 1B)
has multiple lobes that coalesce to form a con-
tinuous deposit extending more than 20 km out-
ward from amassif along ~170 km of its margins.
Surface features indicating viscous flow are nu-
merous, including both longitudinal and transverse
lineations (16) (Fig. 2).

Radar waves penetrate the surface and pass
through materials that do not severely attenuate
or scatter them. Reflections arise from interfaces
with significant dielectric contrasts. SHARADhas
penetrated the ~2-km-thick polar layered deposits
in both the north and south, detecting many in-
ternal reflectors (17, 18). Smaller targets can be
more challenging because SHARAD’s antenna
pattern is broad, resulting in surface reflections

up to a few tens of kilometers away from the
suborbital point in rugged areas, versus only a few
kilometers in smooth, flat areas. These off-nadir
echoes can appear at time delays similar to those
arising from subsurface interfaces, so steps are
required to avoid misinterpreting this surface clut-
ter as subsurface echoes. Synthetic-aperture data
processing is used to improve along-track resolu-
tion to ~300 m, greatly reducing along-track clut-
ter and focusing the surface and subsurface features.
We used the known topography of the surface
and the radar geometry to model cross-track clut-
ter together with nadir surface echoes (see sup-
porting online text). Comparisons of radar sounding
data with these synthetic surface echoes and the
examination of possible surface echo sources in
imagery (19) were undertaken for all cases shown
here; such a procedure is a necessary part of
radar sounding data interpretation in high-relief
environments.

Examination of radar data from SHARAD
orbit 6830 where it crosses multiple LDAs in the
eastern Hellas region (a-a´, Fig. 1B) shows that
the only radar reflections not matching simulated
surface echoes occur where the spacecraft passes
over each LDA (Fig. 3, A and B); therefore, these
echoes are interpreted as arising from within or
beneath the LDAs. In one case (LDA-2A), sig-
nificant surface clutter is predicted near the ter-
minus of the LDA,where it may obscure portions
of a subsurface reflector that clearly extends far-
ther inward below the LDA. LDA-2A and LDA-
2B show evidence for multiple, closely spaced
subsurface reflectors indicating the presence of at
least one thin (~70 m assuming a water-ice com-
position), distinct deposit below thicker deposits
(up to 800 m).

Another criterion for the interpretation of sub-
surface echoes is consistency between multiple
tracks. Orbit 7219 (Fig. 1B, b-b´) crosses LDA-
2A and LDA-2B near orbit 6830 (Fig. 1B, a-a´)
but at a different angle. The secondary echoes in
orbit 7219 (Fig. 4, A to C) are nearly identical to
those observed for orbit 6830 (Fig. 3, right side).
The nearby crossing of LDA-2C by orbit 3672
(Fig. 1B, c-c´) shows overall consistency across
different lobes of this LDA complex while ex-
hibiting slightly varying details of the subsurface.
LDA-2C is characterized by what appears to be a
more extensive basal deposit relative to LDA-2B.
This was observed in additional nearby crossings.

SHARAD is capable of resolving reflections
separated by ~0.1 ms in time (i.e., ~10 m in ice or
~5 m in rock), yet there are no indications of
structure within the LDAs apart from thin depos-
its near the base. Hints of potential internal re-
flectors within the LDAs can all be correlated
with surface clutter in the simulated data (e.g.,
LDA-1 and LDA-2B; Fig. 3). There is also an
apparent lack of volume scattering (i.e., radar
reflectors dispersed throughout the material) at
SHARAD frequencies. Although some dispersed
energy follows LDA surface echoes, we attribute
this to small-scale surface roughness such as that
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“Present-day thick ice deposits at the mid-latitudes of Mars should be considered 
as targets for future landed missions. If accessible, the ice could be analyzed for 
climatological indicators or biomarkers, and potentially be utilized as a resource.” 
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Detections of Thick Ice in Deuteronilus
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Constraining the thickness of overburden 
(How deep is the top of the ice?)

•  No enhancement in H content is seen in Odyssey GRS or Neutron data.
•  Implies that the upper 0.5-1.0 m is “dry”.

•  No shallow boundary between dry overburden and massive ice is seen in 
SHARAD data. Implies either:

•  a) boundary is in the near-surface blind zone (~10m), or
•  b) boundary does not provide sufficient dielectric contrast to produce an 

echo.

•  Preferred interpretation is a) above, because a thick debris layer is unlikely 
to be low enough in density (source is mass wasted bedrock; compaction of 
thick layer will increase density).

•  Best current estimate of overburden thickness is 1-10 m.
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Science ROI 1 – Margin of Apron

•  Configuration of ice
Emplacement process
Paleoclimate

•  Composition / isotopes
Paleoclimate

•  Biosignatures
Ancient life

•  Warmer environmental niches
Extant life
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Science ROI 2  – Colles Knobs and Layered Deposits

•  Central peak remnants from 
ancient Noachian impact

Deep crustal samples
•  Layered deposits

Hesperian (?) climate
•  Amazonian volatile-rich units
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Science ROI 3  – Noachian Terrains at Dichotomy Boundary



Ehlman et al., 2011 

ESA image release 
(Carter et al., 2013) 

Clays and other hydrated 
minerals detected in Noachian 
terrains at the Dichotomy 
Boundary

Mawrth Nili 



Science ROI 3  – Noachian Terrains at Dichotomy Boundary

•  Noachian terrains with potential 
for preservation of biosignatures

•  Structural and stratigraphic 
relationships:
Origin and timing of dichotomy 
boundary development



Science ROI 4  – Impact with Multiple Layer Ejecta

•  Emplacement mechanisms

•  Role of volatiles
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 Potential for ice or ice/regolith mix  ●	  
Potential for hydrated minerals 	  ○	  

Quantity for substantial production 	  ●	  
Potential to be minable by highly automated systems  ●	  

Located less than 3 km from processing equipment site  ●	  
Located no more than 3 meters below the surface 	  ○	  

Accessible by automated systems 	  ●	  

Qualifying 

Potential for multiple sources of ice, ice/regolith mix and hydrated minerals 	  	  ●  

Distance to resource location can be >5 km N/A 

Route to resource location must be (plausibly) traversable 	  ●	  	  
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~50 sq km region of flat and stable terrain with sparse rock distribution  	  ●	  
1–10 km length scale: <10°  	  ●	  

Located within 5 km of landing site location  	  ●	  

Qualifying 

Located in the northern hemisphere  	  ●	  
Evidence of abundant cobble sized or smaller rocks and bulk, loose regolith 	  ○	  

Utilitarian terrain features  ? 
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Qualifying 

Low latitude   

No local terrain feature(s) that could shadow light collection facilities   	  ●	  
Access to water   	  ●	  

Access to dark, minimally altered basaltic sands  ○	  
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Qualifying 
Potential for multiple sources of metals/silicon  ? 
Distance to resource location can be >5 km  ? 

Route to resource location must be (plausibly) traversable  ? 

Key 

●	   Yes 
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Potential for past habitability  ●	   	  ●	     
Potential for present habitability/refugia ●	   ●	  	     	  	  

Qualifying Potential for organic matter, w/ surface exposure       
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Threshold Noachian/Hesperian rocks w/ trapped atmospheric gases 	  	   ●	   	  ●	   ●	  

Qualifying 

Meteorological diversity in space and time ●	  	   ●	  	   	  	   	  	  

High likelihood of surface-atmosphere exchange ●	   ●	  	     ● 

Amazonian subsurface or high-latitude ice or sediment ●	   	  	  

High likelihood of active trace gas sources 
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Range of martian geologic time; datable surfaces 	  	   ● ● ● 

Evidence of aqueous processes ●	   	  ●	   	  	  ● ●  
Potential for interpreting relative ages ●	  	   ●  ● 

Qualifying  

Igneous Rocks tied to 1+ provinces or different times   	  	  
Near-surface ice, glacial or permafrost ●  ●      

Noachian or pre-Noachian bedrock units   ● 	  ●	  

Outcrops with remnant magnetization 

Primary, secondary, and basin-forming impact deposits       ●  
Structural features with regional or global context   ●  ●    
Diversity of aeolian sediments and/or landforms   

Key 

●	   Yes 

○	   Partial Support 
or Debated 

No 

? Indeterminate 
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– What	  is	  the	  single	  most	  important	  addiConal	  data	  set	  
needed	  to	  assess	  the	  science	  potenCal	  of	  the	  EZ?	  

– What	  is	  the	  single	  most	  important	  addiConal	  data	  set	  
needed	  to	  assess	  the	  resource	  potenCal	  of	  the	  EZ?	  

	  
HiRISE	  imagery,	  including	  stereo,	  of	  the	  LDA	  margin	  
areas	  that	  would	  be	  access	  points	  for	  resource	  and	  
science	  sampling.	  

Replace	  With:	  EZ	  LocaCon	  Name	   32	  

Highest	  Priority	  EZ	  Data	  Needs	  
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Summary

•  Vast quantities of readily 
accessible pure water ice

•  Benign environment for 
safety and operations

•  Science targets cover all 
periods of Mars history

•  Address issues in:
•  Paleoclimate / volatile 

history
•  Ancient and extant life
•  Structural and 

stratigraphic history









TES Thermal Inertia – Range 100-300 TI Units



THEMIS Night IR (color) Over Day IR Image




